Abstract: An effective tunable optical beam deflection device based on a periodic gradient refractive index (GRIN) profile is reported, which is capable of achieving a 5 beam deflection with an angle resolution of 0.5 . The operation voltage is around 6 V pp , and the maximum operation frequency is 2 kHz. The GRIN beam deflection device is induced by periodically varying liquid crystal orientations. A highly resistive and patterned polymer film with a resistivity of 11 G=sq is deposited to achieve a linear potential distribution between the two addressing electrodes in every unit cell. The resulting electric field pattern across the device is sawtooth-like. Both the device fabrication and the driving interconnection circuit are very simple. The advanced materials and the techniques used in this device are also applicable to other tunable optical and photonic components (such as adaptive lenses and light intensity modulators) by adapting the electrode design and the voltage signals.
Introduction
Through extensive exploration of optical mechanisms and optical technologies over the past four centuries, mankind has developed a series of different techniques to manipulate the propagation direction of a light beam, its intensity distribution, polarization, and so forth. Even nowadays, some of the most basic and simple components (mirrors, lenses and prisms) are still intensively used for various photonic and optical beam modifying applications, such as laser scanning devices [1] , tunable camera lenses [2] , self-adaptive sunlight collectors for solar cells [3] , and the like [4] . These optical components usually utilize mechanical motion to realize the controllable functionality of beam deflection, which inevitably leads to serious drawbacks (bulky volume, slow response, high manufacturing and maintenance cost) to some specific electrooptical applications. With the technological development of micro-electro-mechanical systems (MEMS), one can manipulate light beam propagation through MEMS controlled micro lenses [5] , mirrors [6] or prisms at the micro-scale range, but the sophisticated device structures and the small device sizes limit their applications for large-scale light beam manipulation [7] .
To overcome the aforementioned disadvantages, much research effort has been dedicated to beam steering devices based on liquid crystals (LCs), because of their unique electro-optical property-tunable optical birefringence controlled by an external magnetic or electric field. LC beam steering components are mainly summarized into two categories, depending on the topography (flat or structured) of the underlying transparent substrate: In the first category, the liquid crystal is combined with micro (nano) polymer structures [8] - [10] or polymer networks with specific topographic patterns [11] , [12] . The boundary between the polymer micro structure and the LC acts as a well-defined surface for geometrical optics, through which light beams propagating would be controlled by applying adequate electric fields. However, complex device processing (non-uniform cell gap and difficult LC alignment on top of the micro structures) and high operating voltages hinder its applications to some extent.
The second category manipulates the light propagation based on the effect of a gradient refractive index profile, generated by spatially distributed liquid crystal directors [13] , [14] . Multiple individually addressed strip electrodes to which different electric potentials are applied create locally varying electric fields, thus aligning liquid crystal molecules to form a periodic GRIN profile within a uniform cell gap [15] , [16] . The wave fronts of an incident light beam are shaped by traversing the LC layer, leading to an effective optical deflection. The major drawbacks of the approach with a configuration of multiple electrodes are the discontinuities in the resulting GRIN profiles due to the coarse and discontinuous LC reorientations on one hand and the complicated electrical driving interfaces on the other hand [16] . In order to fulfill light beam deflections through the GRIN effect in an efficient way and tackle the aforementioned issues, herein, we adopt highly resistive and photo-patterned polymer films to achieve good tunability of the electric potential in a linear way, which realigns the local LC molecules continuously to generate a better saw toothlike refractive index profile and, thus, effectively steer the incoming light rays in a better way, as well as drastically simplify the device fabrication and the driving and interconnection circuit.
Experimental
A highly resistive polymer layer consisting of transparent poly (3, 4-ethylenedioxythiophene) polystyrene sulfonate (or PEDOT:PSS) is applied between the two addressing indium tin oxide (ITO) strip electrodes, as shown in Fig. 1 . Since the optical performance is dependent on the geometrical device parameters (such as the width of the highly resistive layer and the addressing electrode), we have conducted a comparative study of three different schemes for building the GRIN LC devices based on resistive polymer layers (see Table 1 ). The length of the addressing electrode (also corresponding to the length of the resistive layer) is designed as L a ¼ 34:8 mm in order to realize large-scale beam deflection components on 2 Â 2 inches glass In all our simulations and in the experimental fabrication we have used three different commercially available highly resistive PEDOT materials. These materials have a sheet resistance R s of 10 k=sq, 10 M=sq and 11 G=sq, respectively. The effect of the PEDOT resistivity on the device performance was investigated using COMSOL Multiphysics simulation software. The AC/DC module of COMSOL is designed to compute the electric field and potential distribution in the media, and this physics interface solves a current conservation equation using the scalar electric potentials as the dependent variables in combination with the finite element method (FEM) and certain boundary conditions. Figs. 2 and 3 illustrate the potential distribution along the two addressing electrodes and the voltage drops across the resistive layer for P1, with V 1 ¼ V com ¼ 0 V, V 2 ¼ 5 V and three different PEDOT resistivity. Potential variations both exist along the two ITO electrodes with PEDOT resistivity of R s ¼ 10 k=sq and R s ¼ 10 M=sq due to the prominent and continuous current flow into the resistive layers. With potential V 1 and V 2 respectively applied to the two terminals (y ¼ 0 and y ¼ L a ) of the two ITO electrodes, a maximum voltage drop occurs at the end without being connected to the signal potential for the devices with the two lower PEDOT resistivity. It is seen that there are no potential variations both along the two addressing electrodes with the PEDOT resistivity of R s ¼ 11 G=sq, which contributes to an uniform voltage distribution across the PEDOT layer at different cross-sections [shown as dashed blue curves in Fig. 3 Fig. 3(a)-(c) ], and the slopes are steeper near the ends of the electrodes than in the middle, as is also inferred from Fig. 2 . The difference in the potential distribution would lead to inhomogeneous LC orientations, which would result in nonuniform optical path distributions (OPD) across the resistive layer especially at the two terminals (y ¼ 0 and y ¼ L a ). Hence, it can be concluded that PEDOT with R s ¼ 10 k=sq does not satisfy the requirement for realizing linear voltage drops on the GRIN LC beam deflection device; PEDOT with R s ¼ 10 M=sq could generate linear voltage drops but with inhomogeneous potential and voltage distributions over the active area; PEDOT with R s ¼ 11 G=sq could ideally keep constant potentials along the addressing electrodes as well as uniform and linear voltage drop across the PEDOT layer. It is, therefore, the best candidate resistive material for the GRIN LC beam steering device. The addressing ITO electrodes are obtained by first patterning using a photolithographic process with a positive photoresist S1818 (Dow Electronic Materials) and subsequent wet etching in an aqueous mixture of hydrochloric and nitric acids. Once the strip ITO electrodes are defined, the deposition of resistive PEDOT material is initiated, followed by a PEDOT patterning process to remove the resistive material between two adjacent units, in order to avoid a short circuit or potential interaction between neighboring electrodes. A simple and efficient technique for the PEDOT patterning was developed: an image reversal photoresist AZ5214E (Microchemicals GmbH) is first deposited on the substrates already containing the ITO patterns by spin coating at 4000 rpm for 60 seconds, and soft baking at 95 C for 3 minutes. A mask which is the inverse of the one that was used for patterning the ITO electrodes is aligned on top of the ITO substrate and ultra violet (UV) irradiation of 70 mJ/cm 2 with ¼ 365 nm is then applied through this mask. A reversal baking at 110 C for 3 minutes induces polymer cross-linking in the exposed areas (i.e. the gap area between the two ITO electrodes respectively from the two neighboring units), rendering the material insoluble in the developer and removing its UV sensitivity. Meanwhile the material in the unexposed areas (i.e. the resistive layer area between the two ITO electrodes within one unit) still behaves like a normal unexposed positive photoresist. Following a flood exposure of 350 mJ/cm 2 , the photoresist in the resistive layer area can be dissolved in the developer, while the cross-linked material in the gap areas still remains after the developing, as shown in Fig. 4 . The highly resistive PEDOT solution is then deposited by spin coating at 2500 rpm for 30 seconds, and it covers the whole surface of the patterned substrate. The thermally cured PEDOT layer is quite resistant to acetone. Next, these PEDOT coated substrates are immersed in acetone with ultrasonic agitations for a certain time, during which the remaining photoresist material coated with PEDOT in the gap areas is fully dissolved in the acetone solution, leaving behind only the desired PEDOT patterns. The inset in Fig. 4 (measured by a Dektak 150 profilometer) shows that there is a thickness difference (around 70 nm) between the gap area and the resistive PEDOT layer area after this 'lifting off' process, which is close to the measured PEDOT layer thickness (71 AE 2 nm). After applying obliquely evaporated SiO 2 alignment layers on this patterned substrate as well as its counterpart, an anti-parallel LC (E7, from Merck) alignment perpendicular to the strip electrodes is achieved within the device.
Results and Discussion
After device fabrication using a PEDOT layer with R s ¼ 11 G=sq, the LC beam deflection component is characterized by a Helium-Neon laser with ¼ 543:5 nm (Model 1652, JDS Uniphase). The transmission axis of the polarizer is parallel to the initial LC alignment direction, which is perpendicular to the strip electrodes. This alignment could avoid twisted LC reorientations induced by the external horizontal electric fields from the two interdigital addressing ITO electrodes and the resistive layer. Square waveform voltages with 1 kHz in frequency from a waveform generator (Agilent 33220 A) are applied to the electrode V 2 , with the electrode V 1 and the common electrode V com being grounded. The deflected light beam is projected onto a semi-transparent screen, captured by an imaging camera (Nikon 1 J2). The steering angle is measured versus the applied voltage for the aforementioned three patterns using the first order approximation method [9] , and the results are plotted in Fig. 5 . All three curves demonstrate similar profiles: with applied voltages below the threshold value ðV th ¼ 2:5 V pp Þ, the LC molecules do not respond to the electric field and remain in the initial anti-parallel alignment, therefore the incident light beam propagates through the device with no deflections. When the applied voltage is higher than 2.5 V pp , the LC molecules start to reorientate and slightly steer the incoming light beam. There is an abrupt increase in the steering angle for an applied voltage around 5.5 V pp , rapidly leading to the maximum steering angle of 3.3 , 2.9 , and 4.8 for P1, P2, and P3, respectively. Upon further increase of the voltage, most of the LCs have already been fully switched across the highly resistive layer as a result of the applied strong electric field, and the propagating light beam will not experience a large change in the lateral LC refractive index distribution any longer, hence, the steering angle is moving back towards 0 . Through the linear part of each curve, the steering angle resolution for P1, P2, and P3 is approximately 0.3 , 0.3 , and 0. 5 . Fig. 6 demonstrates the beam steering angle dependency on the frequency of an applied voltage of 6 V pp for P3. From 50 Hz to 1.9 kHz, the beam steering angle keeps almost constant ($4.7
). Around f ¼ 2 kHz, the beam steering angle starts to decrease, which implies the maximum operation frequency should be below 2 kHz. From 15 kHz to 100 kHz, the deflection angle does not change any more, since it reaches a saturation state.
Upon application of V 2 ¼ 6 V pp and f ¼ 1 kHz to the electrode V 2 , it is found that all three different devices demonstrate their best beam steering performance, as shown in Fig. 7 . And the response time ðt on þ t off Þ of P1, P2, and P3 with this driving condition, is measured to be 3.2 s, 3.9 s, and 2.3 s, respectively, which is mainly due to the adopted large cell gap (around 30 m)
as weIl as the high viscosity of the E7 LC ( 1 $ 250 mPa s at T ¼ 22 C). Fig. 7 shows that the angular distances between two adjacent orders of P1 and P2 are very close to each other (Á 1 ¼ 0:24 for P1 and Á 2 ¼ 0:22 for P2). According to the diffraction equation [17] , the two patterns which have similar pitches shown in Table 1 would definitely show similar diffraction order locations during the beam deflections. Due to the smaller pitch of P3, a larger angular distance of 0.33 is obtained as seen in Fig. 7 . From P1 to P3, it is seen that the maximum peaks are located at the 13th (3.1 ), 13th (2.9 ), and 14th (4.6 ), respectively. To understand this phenomenon, the LC director distribution with the aforementioned potentials should be first obtained, leading to the optical phase profile of each pattern. According to the Frank-Oseen LC elastic continuum theory, the equilibrium state of the device system with applied electric fields has the minimum free energy, and to get the minimum free energy is equivalent to solve the Euler-Lagrange equations, which contain the LC orientations [18] . Combining with the finite element method (FEM) and some adequate boundary conditions [19] - [21] , the two dimensional distribution of LC directors with the aforementioned potentials is attained, and the resulting optical phase distributions of the three patterns are shown in Fig. 8 . Around the low voltage electrode, the electric field is below the threshold value so that the LC molecules are not switched and a short constant phase region appears. Near the high voltage electrode, it is seen that there is a sharp rise in the phase profile between two adjacent units. A homogeneous LC alignment perpendicular to the strip electrodes is adopted in the device, avoiding the twisted LC orientations induced by the lateral electric field that would degrade the beam steering performance. The direction of the lateral electric field generated by the two strip electrodes within one working unit is opposite to the one by the two adjacent electrodes from two different neighboring units. Due to the effect of the alignment layer, the LC layer has an uniform pretilt angle, which is compatible with the fringing field generated by the two adjacent electrodes respectively from two different neighboring units, resulting in a direct LC rotation (clockwise) to be finally realigned with this preferred fringing field. For the other fringing field by the two strip electrodes within one working unit, the LC directors first experience a reversed rotation (counter clockwise) to 0 , then reorientate parallel with the target fringing field, during which reversed LC orientations in the area between two working units are formed. At the transition point between the reversed LC textures the sharp rise starts to appear. According to the effect of the fly-back region on the diffraction efficiency [22] , [23] , both the sharp rise and the constant phase area are expected to degrade the device diffraction efficiency. It is observed that the diffraction efficiency of the maximum peak of pattern P1 (15.4%) is higher than that of pattern P2 (10.2%) and pattern P3 (9.3%). By applying the Huygens spheres and Snell's law to the device model [17] , an analytic formula for the deflection angle is derived:
where nðx Þ is the spatially distributed refractive index, and d is the LC layer thickness. From equation (1), it could be concluded that a larger gradient of the LC optical phase profile leads to a larger deflection angle for the GRIN LC devices. A linear fitting is applied to the linear part of the phase profile depicted in Fig. 8 . The slopes for P1, P2, and P3 are, respectively, 0.116 AE 0.001, 0.111 AE 0.001, and 0.168 AE 0.001, which confirm that P3 has the largest steering angle, while P2 has the smallest steering angle and P1 has a value in between. The steering angles derived using equation 1 are 3.6 AE 0.03 , 3.4 AE 0.03 , and 5.2 AE 0.03 , respectively for P1, P2, and P3, which approximate the experimental values.
The GRIN LC devices also demonstrate tunable beam steering capability for a collimated light beam generated by a white LED (see Fig. 9 ). Without any voltages, the LC directors orientate in an anti-parallel alignment and there is no gradient refractive index effect, so the incident light beam just passes through the device without any deflections. Upon application of a proper voltage at the electrode V 2 (V 1 and V com are grounded as default settings), the best LC GRIN profile will be generated through the resistive layer. It is observed that the maximum beam deflection of P3 (5.1 ) at V 2 ¼ 5 V pp is larger than those of P1 (3.3 ) and P2 (2.6 ) at V 2 ¼ 8 V pp . With applying higher voltages, the incoming white rays start to shift back to the original beam spot position because of reduced difference in the lateral LC refractive index distribution. It is also observed that dispersions exist when a voltage is applied, and Fig. 10 plots the voltage dependent transmission curves of three different wavelengths (R, G, and B), which are, respectively, generated by three different R, G, B dichroic color filters (from Edmund Optics) with T avg > 85% in their transmissive wavelength ranges. It is seen that the three curves of the R, G, B wavelengths are almost overlapped with applied voltages below 3.2 V pp . From 3.2 V pp to 15 V pp , the three curves start to move away from each other, because the GRIN profiles are about to be forming in this range. Above 15 V pp , the LC molecules are realigned by the strong electric field, and therefore, the separation tends to decrease and the dispersion starts to reduce. The observed dispersions are mainly attributed to the effect of the diffraction and the equivalent refraction from the LC GRIN profiles. With larger pitch designs and less dispersive LC materials, the dispersion could be greatly reduced.
Conclusion
An effective tunable light beam deflection device based on liquid crystal gradient refractive index distribution is demonstrated. The linear potential distribution across the device is of great importance to realize the desired LC orientation, and is achieved using a highly resistive, appropriately patterned PEDOT:PSS polymer film. The advanced materials and efficient processing techniques used in this study lead to a simple device fabrication and driving scheme, and are applicable to other tunable LC (micro) lenses, gratings and prisms. By crossing two such single LC GRIN gratings with their LC alignment direction orthogonal to each other, a polarization independent LC beam steering device with 2-D beam deflection performance would be realized, thus making it very attractive for tunable optical and photonic components, light intensity modulations, etc.
